Mining is one of the core industries contributing to environmental deterioration [7] . Disposal of solid waste generated by mining operations leads to a lowering of the water level and deterioration of surface and ground water quality [31] . The wide application potential of chromium has led to extensive mining of this heavy metal. Chromium can exist in different oxidation states having valences ranging from +2 to +6, with Cr(VI) and Cr(III) being the most stable. Cr(VI), because of its high oxidizing potential, exhibits mutagenic and carcinogenic effects on biological systems. The high solubility of Cr(VI) makes it a hazardous contaminant of water and soil near the industries that produce or utilize chromium. The United States Environmental Protection Agency has identified Cr(VI) as one of the 17 chemicals posing the greatest threat to humans. The permissible limit for Cr(VI) in drinking water is 0.05 mg/l. Sukinda Valley in Orissa, India, is home to about 98% of the chromite mines in India; the annual processing of chromite ores has been estimated to be 42 million tons and generates around 7.6 million tons of solid waste, including overburden/waste rock, subgrade ore, and mineralized reject. The leachate from this solid waste imposes a major threat to the ground water level and also to water quality [7, 31] . The use of conventional methods for removal of hexavalent chromium such as precipitation, ion exchange, dialysis, etc. are constrained by high cost, large quantities of waste generation, and higher energy requirements. Bioremediation involving biosorption, bioreduction, and bioaccumulation of the heavy metal has been proposed by many researchers as an alternative method for the efficient and economical removal of hexavalent chromium from a variety of industrial waste streams. Studies have shown that certain species of bacteria such as Pseudomonas, Bacillus, and Arthrobacter, and yeasts such as Aspergillus and Candida, are able to transform Cr(VI) to the trivalent form Cr(III), which is less toxic [3, 4, 6, 9, 15, 23, 25] . The microbial diversity of mine sites is a proven fact, and many microorganisms with bioremediation potential have been isolated from around such sites [26, 32] .
Statistical experimental design can be utilized for the screening and optimization of process parameters involving less development time, number of experiments, and overall cost. Moreover, statistical designs are very useful for determining the magnitude of interactions, which can be used with the estimated major effects to predict an optimum combination of the factors by the developed model [5, 19] . Plackett-Burman design identifies the important process variables, assuming the variables are all independent. Response surface methodology is used to optimize the process variables as well as to understand the interactions between these variables. Recent studies have described the application of statistical experimental design for optimizing process parameters for bioremediation of heavy metals. However, to the best of our knowledge, there are very few studies using statistical design to *Corresponding author Phone: +91 416 220 2620; Fax: +91 416 224 3092; E-mail: amit.mookerjea@gmail.com optimize bioreduction of Cr(VI). The objective of the present study was to systematically apply Plackett-Burman and response surface techniques to the screening and optimization of process parameters that enhance the removal of Cr(VI).
MATERIALS AND METHODS

Organism and Growth Conditions
The microorganism used in this study was Acinetobacter junii VITSUKMW2, a Gram-negative bacterium isolated from chromite mine water samples collected from Sukinda Valley, Orissa, India. The organism was maintained in nutrient broth at 30 o C and at 120 rpm. For all of the experiments, the medium used was based on the components of M9 minimal medium; that is, 42 mM Na 2 HPO 4 , 24 mM KH 2 PO 4 , 9 mM NaCl, 19 mM NH 4 Cl, 1 mM MgSO 4 , 0.1 mM CaCl 2 , and 2.0% glucose. The inoculum for all of the experiments was maintained at an absorbance value of 0.1, corresponding to 1.5 × 10 8 cells/ml.
Preparation of Reagents
Chromium solution was prepared by dissolving appropriate amounts of K 2 Cr 2 O 7 in deionized water. The pH of the medium was adjusted appropriately by adding 1N NaOH or 6N H 2 SO 4 . All of the reagents were procured from Sigma (India) and were of analytical grade. Molasses was obtained from Vellore Cooperative Sugar Mills (Vellore, India).
Analysis
The samples were centrifuged at 8,000 rpm for 10 min at 4 o C. Biomass was measured by dissolving the resultant pellet in deionized water and reading the absorbance at 600 nm. The amount of hexavalent chromium in the supernatants was estimated by measuring the absorbance at 540 nm of a purple complex formed by the interaction of Cr(VI) with 1,5-diphenyl carbazide under acidic conditions. The reduction capacity of chromium was estimated as follows:
where C 0 is the initial chromium concentration and C t is the chromium concentration at time t. The absorbance was measured in a UV-visible spectrophotometer (Ultrospec 1100 Pro; Amersham Biosciences).
Influence of Various Parameters
All of the batch experiments were conducted in 250 ml Erlenmeyer flasks and the chromium reduction capacity was noted for a period of 24 h. One hundred milliliters of M9 minimal medium was used to study the effect of variation in carbon and nitrogen sources. For the former, glucose in M9 minimal medium was replaced by the test carbon source. For the latter, 2% nitrogen sources were added to M9 minimal medium after sterilization. The experiments were conducted at 30 
Statistical Optimization
Optimization of reduction capacity by the classical method involves changing each variable one at a time while maintaining all others constant. However, this approach is time consuming and expensive for the large number of variables that there are for the chosen medium. To overcome these limitations, factorial designs and response surface methodology were employed to optimize the reduction capacity. Plackett-Burman design. Plackett-Burman design [24] was used to evaluate the significance of various medium components as well as pH and Cr(VI) concentration to the chromium reduction capacity. The design screened for 11 variables with 12 experimental runs. A total of 12 experiments were performed to analyze 10 variables, and 1 variable was assigned as a dummy variable. Each variable was varied at two levels represented by "+" and "-" values. The list of the variables screened and the levels of each variable are given in Table  1 . Table 2 describes the experimental design. All of the experiments were performed in duplicate and the residual chromium(VI) was analyzed in the sample after 12 h. Response surface methodology. Optimization of process variables was performed using central composite design (CCD) and response surface methodology (Table 4 ). The CCD consisted of 20 experiments corresponding to 2 k factorial points, 2k axial points, and 6 center points. The center points reveal the magnitude of error in the experiment. Dependency of the reduction capacity on the variables can be described by a second-order polynomial equation of the following form:
where X 1 , X 2 , X 3 represent the variables, and β represents coefficients. The variables used were molasses (5-15 g/l), yeast extract (2-4 g/l), and Cr(VI) concentration (25-75 mg/l). The variables were coded according the following equation: where x i is the coded value, X i is the actual value, X is the average value of the highest and lowest concentrations, and ∆X is the step size. The α value was fixed at 1.682 based on the factorial portion of the design [α = (2
]. All of the experiments were conducted with minimal medium components with the addition of the above three reagents at pH 7 and 30 o C. Estimation of optimal points was achieved using desirability analysis [8] . The procedure makes use of desirability functions. The general approach is to first convert each response y i into an individual desirability function d i that varies over the range 0 ≤ d i ≤ 1, where if the response y i is at its goal or target, then d i = 1, and if the response is outside the acceptable region, d i = 0. Then, the design variables are chosen to maximize the overall desirability:
where n is the number of responses. The statistical software package Design-Expert (Version 6.0.10; State-Ease, Minneapolis, MN, USA) was used to design and analyze the experiment.
RESULTS AND DISCUSSION
Effects of pH and Temperature
The initial pH of the culture medium was shown to be an effective factor for growth and Cr(VI) reduction. The strain could grow and reduce Cr(VI) over a wide range of pH (5) (6) (7) (8) (9) (10) (11) . However, the maximum growth was observed at pH 7.0 with an 18% reduction capacity. In Fig. 1A , it can be observed that at pH 9, a maximum reduction capacity of 33% was achieved, although the biomass was less than that at pH 7. Growth and reduction capacity were low at the extreme values of pH 5 and pH 11. Some bacteria such as growing cells of Pannonibacter phragmitetus LSSE-09 [33] , Ochrobactrum sp. strain CSCr-3 [11] , and the Gram-positive bacterium ATCC700729 [27] were found to reduce Cr(VI) at pH 9.0. 
Effects of Carbon Sources
The relevance of carbon sources to effective Cr(VI) removal by Acinetobacter sp. as well as several other microorganisms has been indicated by several studies [6, 22] . Glucose, fructose, lactose, maltose, starch, and molasses were analyzed for their effects on Cr(VI) reduction capacity. Fig. 1C shows the change in Cr(VI) reduction capacity in the presence of the different carbon sources. Glucose and molasses showed the highest reduction capacity at 39% and 34%, respectively, after 24 h of incubation. The change in Cr(VI) reduction capacity varied from 7% for lactose to 39% for glucose, indicating that the choice of carbon source greatly influences the Cr(VI) reducing power of the microorganism. These results are in accordance with those given by Goyal et al. [10] , who reported that the Cr(VI) reduction capacity for glucose or sucrose is greater than that for fructose. Glucose was also reported to be the ideal carbon source for Cr(VI) removal in some studies [2, 24] .
Molasses, a byproduct of the sugarcane industry, consists mainly of sucrose and is a cheap energy source for bioprocesses. Molasses was also found be effective for Cr(VI) removal in several other studies [13, 28] . The least reduction was shown on lactose, which is in accordance with some reports where the inability of Acinetobacter sp. to ferment lactose was indicated [1] . The increase in reduction capacity with glucose and molasses was probably due to an increase in metabolic activity. It has been found that chromium transport into the bacterial cell depends on energy; therefore, it is glucose dependent [16] . 
Effects of Nitrogen Sources
The effects of peptone, yeast extract, beef extract, ammonium sulfate, and ammonium carbonate on the growth of biomass and Cr(VI) removal were analyzed and the results are shown in Fig. 1D . Yeast extract was found to be the best nitrogen source, giving 65% Cr(VI) removal, followed by peptone and beef extract, at 61% and 58%, respectively. The addition of ammonium sulfate and ammonium carbonate also resulted in a fairly enhanced reduction capacity at 35% and 27%, respectively. These results suggest that although ammonium at a sufficient concentration was a suitable source of nitrogen for A. junii, it was not better than peptone and yeast extract. Similar observations were also previously reported [12, 29] .
Plackett-Burman Design
Plackett-Burman design was employed to identify significant variables that enhance chromium reduction capacity. Table 3 shows the results of an analysis of variance (ANOVA) for biomass and Cr(VI) reduction. Generally, a large F value and a corresponding low value of P for a term in the model indicate high significance of the term [18] [19] [20] . Therefore, from the ANOVA table, the model for % Cr(VI) removal was highly significant at a P value less than 0.01. The predicted R 2 of 0.999 and the adjusted R 2 of 0.998 were in reasonable agreement for Cr(VI) removal. The model determination coefficient (R 2 ) of 0.9996 was also in reasonable agreement with the experimental data, indicating that 99.96% of the variability could be revealed by this model. The model obtained from regression analysis could well describe the effect of factors on Cr(VI) removal and was expressed as % Reduction = +85.00 +4.38 * A +4.95 * B +5.53 * C -4.88 * D -9.68 * E +7.42 * F +4.30 * H+3.40 * I -5.55 * K
The variables KH 2 PO 4 and MgSO 4 were excluded from the model because of least effect. The relative significance of the terms can be evaluated by comparing the F values or the coefficients of model terms. Accordingly, for enhancing Cr(VI) removal, Cr(VI) concentration was shown to be highly significant. Among the medium components, Na 2 HPO 4 , yeast extract, and molasses were highly significant terms, in that order. The variables rpm and pH also showed a significant effect on the model. A positive value of a coefficient indicates that the higher concentrations of that variable are ideal for enhancing % Cr(VI) reduction, whereas negative values indicate the opposite. It can be seen from Eq. (4) that Cr(VI) concentration and rpm have negative coefficients, indicating that lower values for these variables were favorable for % Cr(VI) reduction.
For biomass, the predicted R 2 of 0.999 and the adjusted R 2 of 0.997 were in reasonable agreement. The model obtained for biomass is as follows: Biomass = +0.81+0.24 * A +0.029 * B +0.14 * D -0.099 * E +0.060 * G -0.051 * H -0.060 * I+0.10 * J (6) According to Eq. (6), the biomass concentration was significantly influenced by Cr(VI), molasses, (NH 4 ) 2 SO 4 , NaCl, MgSO 4 , and yeast extract. The effect of rpm was found to be significant, whereas those of pH and inoculum were not significant. Molasses, yeast extract, and Cr(VI) were selected for further experiments because of their significance to biomass growth and % reduction.
Response Surface Methodology
The relationship between the variables molasses, yeast extract, and Cr(VI) concentration and Cr(VI) reduction capacity was determined using response surface methodology. The statistical significance of the results of the CCD was evaluated by performing ANOVA analysis, the results of which are presented in Table 5 . The F value of 55.23 and p < 0.001 imply that the regression was statistically significant. The R 2 value of 0.975 indicates that only 3.5% of the total variable was not explained by the model. The value of adjusted and predicted R 2 were 0.96 and 0.87, respectively, indicating the high significance of the model. The relatively low value of 3.33 for the coefficient of variance also suggests good precision and reliability of 
The model was further refined by eliminating terms that were insignificant. The resulting relationship was in the form % Cr(VI) removal = +90.78 +10.59 * A+4.44 * B-3.33 * C-3.86 * A2-6.66 * B2 -2.39 * C2+2.28 * A * B+7.83 * A * C
The results indicate that linear effects and square effects were highly significant, but in interactive effects, AC showed high significance. Equation (8) indicates that molasses and yeast extract had a significant effect on the Cr(VI) reduction capacity with a positive linear effect. However, Cr(VI) concentration showed a negative linear effect. The interaction effects show that the interaction of molasses with chromium was more significant than the other interactions.
It should be noted that polynomial models are reasonable approximations of the true functional relationship over relatively small regions of the entire space of independent variables. Table 4 
Response Surface Plots
Response surface plots can provide information on the effect of the interaction of the variables on the efficiency of Cr(VI) removal. The circular nature of the contour signifies that the interactive effects between the variables are not significant and the optimum values of the test variables cannot be easily obtained [21] . Fig. 2 shows the response surface plots for the interaction of the variables. The interaction between two variables is represented while the other variable is maintained at zero level. The elliptical nature of the contours indicates that the interaction between the individual variables was significant. Fig. 2A represents the interaction of molasses with Cr(VI) concentration. It can be deduced from the curve that as the Cr(VI) concentration was increased, there was a reduction in % Cr(VI) reduction, and the same was increased with an increase in the concentration of molasses. Fig. 2B also illustrates a similar variation in reduction capacity with Cr(VI) concentration, but the reduction capacity increased with increasing yeast extract up to 0.5 and then decreased slightly. Fig. 2C also shows a similar effect of yeast extract on the % Cr(VI) removal during the interaction of molasses and yeast extract. These results are similar to the results obtained for the interaction of carbon, nitrogen sources, and Cr(VI) concentration on Cr(VI) removal reported by Leles et al. [16] . According to that report, the variation in reduction capacity decreased with increasing Cr(VI) concentration [16] . Optimization To maximize the removal efficiency with the lowest possible molasses and yeast extract concentration, the optimal conditions were identified using Design-Expert software. The desired goal for % chromium removal was chosen as maximum while molasses and yeast extract concentration were chosen as minima in order to reduce the cost of operation. The chromium concentration was chosen as within the range. The program identified a solution with the above goals in consideration. The optimal solution was found to be 14.85 g/l molasses, 4.72 g/l yeast extract, and 54 mg/l initial Cr(VI) concentration, with 99.95% removal being the maximum that can be achieved under these conditions. The desirability factor of 1 indicates that the process had maximum efficiency under those operating conditions. This study presents the bioremediation of Cr(VI) using Acinetobacter species isolated from the Sukinda mine site. The optimal pH and temperature were found to 9 and 37.5 o C, respectively. The best carbon source was found to be glucose and the best nitrogen source was yeast extract among the various sources studied. Plackett-Burman design and response surface methodology were successfully applied to the rapid screening and optimization of operational parameters of Cr(VI) removal. The linear and quadratic formulas obtained from the Plackett-Burman design and CCD could be used to account for the Cr(VI) removal process in the experimental system. Optimization improved the Cr(VI) reduction capacity to 99% in 12 h compared with 36% removal in 24 h before optimization. The optimal combination of variables was found to be 14.85 g/l molasses, 4.72 g/l yeast extract, and 54 mg/l initial Cr(VI) concentration, with 99.95% removal being the maximum that can be achieved under these conditions. The test organism is quite efficient at Cr(VI) removal from solution and thus has the potential to be exploited for treatment of chromium-containing industrial effluents before their discharge into water bodies.
